Introduction
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as artemisinin, an anti-malaria agent secreted by Artemisia annua trichomes (Tissier, 2012;  74 Glas et al., 2012; Lange and Turner, 2013; Lange, 2015; Wagner, 1991) .
75
In some plants, trichomes contain chloroplasts that function to help provide the carbon and 76 energy needs for specialized metabolite production (Keene and Wagner, 1985) . In Nicotiana 77 tabacum, the trichome exudate (mainly made of diterpenes, sucrose esters) accounts for more 78 than 10 of the dry weight of leaves (Wagner, 1991) . In this species as well as in others, 79 enzymes involved in the specialized metabolism have attracted much attention because of their 80 role in the plant defense and their industrial or pharmacological interest (Lange and Turner, 81 2013; Tissier, 2012) . On the contrary, the primary metabolism and, in particular, 82 photosynthesis and the enzymes involved therein have barely been characterized, probably 83 because they are thought to be similar as in other photosynthetic cells.
84
In this report we show that chloroplasts of glandular trichomes from N. tabacum contain a Rubisco small subunit, OsRbcS1, displays a BLAST score lower than the 200 threshold, its 137 sequence and other rice RbcS sequences were added to this analysis since OsRbcS1 also 138 exhibits a specific expression pattern (Morita et al., 2014) . Because no sequence from C4 including all four RbcS sequences from Arabidopsis, a species that lacks glandular trichomes.
144
The two maize RbcS, which are expressed in bundle sheaths, were also localized in cluster M.
145
Trichome and mesophyll cells have electrophoretically distinct Rubisco complexes
146
The RbcL is encoded by the chloroplast genome, and is therefore expected to be the same in all 147 photosynthetic cells. RbcS is thus the only part that can distinguish the Rubisco complex in 148 different cell types. NtRbcS-T has a predicted isoelectric point (6.24) higher than that of the 149 other N. tabacum small subunits (5. 05-5.19) . It is therefore possible that because of its small 150 subunit, the whole Rubisco complex has a distinct electrophoretic mobility on native gel.
151
Because of its hexadecameric organization and thus large size (~540,000 Da) as well as its 12 leaf Rubisco. Protein extracts were thus obtained from isolated trichomes and from leaves 156 cleared of trichomes and analyzed by electrophoresis. The leaf extract contains a majority of the tall glandular trichomes represent a minority compared to the cells that contain no or very 159 few chloroplasts: stalk cells of the tall glandular trichomes, short glandular trichomes, as well 160 as non-glandular trichomes. To take this difference into account, 10 times more protein was 161 loaded for the trichome sample. Both Colloidal blue staining of the gel (Fig. 4A ) and western 162 blotting (Fig. 4B) showed that the trichome Rubisco ran slower than the mesophyll enzyme.
163
This was confirmed when both samples were mixed. We can therefore conclude that the 164 trichome and mesophyll Rubisco complexes are electrophoretically homogenous and distinct.
165
The trichome RbcS complements the absence of endogenous RbcS in Chlamydomonas
166
The difficulty of collecting large amounts of trichomes prevented us from extensive Chlamydomonas. Codon optimized genes (Supplemental Fig S3) for NtRbcS-T and a 170 mesophyll-expressed N. tabacum RbcS (CAA26208.1, termed NtRbcS-M) were separately 171 cloned into the transforming plasmid pSS1-CrRbcS1 (Genkov et al., 2010, Supplemental Fig   172   S4 ). Each plasmid, including pSS1-CrRbcS1, was introduced into the nucleus of the Rubisco 173 deficient rbcSΔ-T60-3 Chlamydomonas mutant strain that lacks both rbcS alleles (Genkov et 174 al., 2010; Wachter et al., 2013 (Genkov et al., 2010) . These authors suggested that this reduced We confirmed the presence of Rubisco by western blotting using an antibody against the large 184 subunit. The recipient strain lacking RbcS genes was used as a negative control, since this 185 subunit is not detected although the gene is still present. Thus the amount of RbcL observed by 186 SDS-PAGE corresponds to the amount of Rubisco holoenzyme in vivo (Genkov et al., 2009) .
187
RbcL was identified in all positive transformants (Fig. 4C) . We then performed a native gel NtRbcS-M showing differences in mobility as seen in the plant extracts (Fig. 4D) . The Rubisco 192 complex with the Chlamydomonas small subunit had a lower mobility, in agreement with its 193 higher pI (7.6) and higher Mw (16.25 kDa). These differences were confirmed by western 194 blotting (Fig. 4E ).
195
The trichome and mesophyll RbcS confer different pH-dependent activity 196 Unlike the recipient strain used as a negative control, the three types of Chamydomonas with NtRbcS-T displayed slightly higher K m (CO 2 ) and V max of carboxylation than the complex with NtRbcS-M, and reached values similar to those observed with CrRbcS1 ( 
208
In the chloroplast, light irradiation and electron transport in the photosynthetic chain induce 209 proton transport from the stroma to the thylakoid lumen. The resulting stroma alkalinization 210 increases Rubisco activity (Ruuska et al., 2000) . We investigated whether NtRbcS-T and
211
NtRbcS-M confer different pH-dependent activities (Fig. 6A) . Although all three enzymes had 212 the same optimal pH (8.0), NtRbcS-T conferred a more acidic profile than NtRbcS-M and
213
CrRbcS1.
214
We sought to confirm with plant extracts the different behavior of Rubisco according to the pH.
215
Purifying Rubisco from trichomes would require a huge amount of trichomes. We therefore 216 directly measured the Rubisco activity in a soluble protein extract from isolated trichomes and 217 from leaves cleared of trichomes. At the optimal pH (8.0), the RuBP carboxylase specific 218 activity was 0.41 ± 0.02 µmol.min -1 .mg -1 for the leaf extract, a value in the same range as that
219
reported for a tobacco leaf extract (Bota et al., 2004) . For the trichome extract, the activity was shown by western blotting (Supplemental Fig. S6 ). 
16
We then compared the activity of the two extracts at different pH values. When reported with 227 respect to the maximal activity at pH 8.0 (Fig. 6B) 
243
The phylogenetic analysis showed a clear distinction between NtRbcS-T and the other N. 20 that many more members will be identified as more plant genomes will be sequenced. The 260 observation that a T-type RbcS is absent in several monocot as well as dicot species suggests 261 that independent losses of T-type RbcS genes occurred during evolution.
262
We aligned, and generated a consensus sequence for, NtRbcS-T and its closest sequences, (T- subunit, it may influence the catalytic efficiency and specificity of Rubisco (Spreitzer, 2003) .
272
Indeed, it has been demonstrated in several analyses of hybrid enzymes that small subunits can 273 influence the catalytic efficiency and specificity of Rubisco (Spreitzer, 2003) . We can thus 274 hypothesize that NtRbcS-T induces a different Rubisco activity compared to NtRbcS-M. The
275
Chlamydomonas expression system, used before to compare different plant RbcS (Genkov et 276 al., 2010; Wachter et al., 2013) , showed that NtRbcS-T and NtRbcS-M are both active. We 
21
Higher catalytic turnover and lower affinity for CO 2 are not only features of green algae 285 Rubisco but are also properties of Rubisco typically found in C4 plants (Sage, 2002) . However, 286 no close sequence from C4 plants was released from the BLAST analysis performed with 287 NtRbcS-T as a query. In the phylogenetic tree, the two RbcS sequences of maize, a C4 plant, Recently, an unusual rice Rubisco small subunit, OsRbcS1, genetically distant from other rice 291 RbcS sequences, has been shown to be expressed in the leaf sheath, culm, anther, and root 292 central cylinder (Morita et al., 2014) . In the phylogenetic tree, OsRbcS1 is close to NtRbcS-T, 293 being probably part of cluster T (Figure 3 
298
Another interesting observation of this report is the different activity profile according to the 299 pH between the hybrid RbcS-M and RbcS-T Rubisco enzymes (Fig. 6A) . This was also the 300 case when the Rubisco activity was directly compared between trichomes and leaf tissues 301 cleared of trichomes (Fig. 6B) . Although the profiles were slightly different in the
302
Chlamydomonas and the native systems (this might be expected considering that the large 303 subunit differs), a common observation was the relative higher activity observed at pH values 304 below 8 for the trichome enzyme. These data thus demonstrate that NtRbcS-T is functionally 305 different from NtRbcS-M.
306
What might be the significance of a more active Rubisco preserving its activity at low pH?
307
While the specialized metabolism has been the focus of trichome secretory cells, their overall 308 primary and energy metabolism has barely been analyzed. CO 2 is generated within these cells 309 by the very active specialized metabolic pathways. N. tabacum glandular trichomes indeed 310 secrete large amounts of sugar esters and diterpenes (Wagner et al., 2004) . In the plastid, the 311 first step towards the C5 terpene precursor, isopentenyl pyrophosphate, combines pyruvate and 312 glyceraldehyde-3-phosphate to give the C5 compound, 1-deoxy-D-xylulose 5-phosphate, as 313 well as a CO 2 molecule (Fig. 8) . Glyceraldehyde-3-phosphate is a direct product of the Calvin Sallets et al., 2014) . Acyl acids of sugar esters, are derived from threonine 317 and the pyruvate pathways of branched-chain amino acid metabolism (Kandra et al., 1990) .
318
CO 2 is produced by two enzymes: acetolactate synthase, which intervenes in the synthesis of with lower affinity and higher catalytic activity. In addition, high CO 2 production, since part of 327 it is generated within the chloroplast stroma, might result in lowering the stroma pH 328 (Savchenko et al., 2000) . A Rubisco enzyme which keeps an activity at more acidic pH might 329 thus be an asset under these conditions. Measuring the stroma pH in trichomes would be an 330 important step to confirm this hypothesis. To decipher the physiological role of NtRbcS-T in 331 CO 2 fixation and the consequences on the trichome metabolism and the plant defense against 332 biotic stress, genetic tools should be used. As trichomes are dispensable, silencing NtRbcS-T 333 expression (e.g., by RNA interference or CRISPR-Cas9) would be an appropriate option. Except for NtRbcS-T described in this report and OsRbcS1 (Morita et al., 2014) Table S2 ). Whether in all these cases glandular trichomes are 341 photosynthetic is difficult to assess because this information is only mentioned in few cases.
342
The obvious advantage of photosynthesis is that energy and carbon sources as well as oxygen Calvin cycle are present in the leucoplasts.
349
We could also expect that in some cases, a T-type RbcS is expressed, not in trichomes, but in 
25
(KDO43856.1) listed in cluster T (Supplemental Table S2 
Materials and methods
376
Plant material. Nicotiana tabacum cv Petit Havana SR1 (Maliga et al., 1973) primer 5´-GGTACCGTTCACCTTCACTTTAAGCTAC-3´ using N. benthamiana genomic 424 DNA as a template. The PCR product was cloned into pGEM®-T easy (Promega) and 425 sequenced. The NbRbcS-T promoter was inserted in front of the GUSVENUS (GV) coding 426 sequence in pAUX3131 (Navarre et al., 2011) using the HindIII-KpnI restriction sites. The 427 fusion construct was excised using I-SceI and inserted into the pPZP-RCS2-nptII plant 428 expression vector (Goderis et al., 2002 ) also cut with I-SceI. The construct was introduced into
429
Agrobacterium tumefaciens LBA4404 virGN54D (Van Der Fits et al., 2000) for subsequent N.
430
tabacum leaf disk transformation (Horsch et al., 1986) .
431
Detection of GUS expression. Histochemical staining of plant tissues for GUS activity was 432 conducted as described (Bienert et al., 2012) . Stained tissues were washed with 70% ethanol C. reinhardtii RbcS genes was the cell wall-less rbcSΔ-T60-3 strain (Genkov, et al., 2010) .
438
This host strain lacks photosynthesis and requires acetate for growth due to the deletion of the 439 13-kb locus that contains the RbcS1 and RbcS2 gene family (Genkov, et al., 2010) .
440
Chlamydomonas was cultured at 25°C in darkness on TAP medium (Harris, 1989) . For 441 selection of the transformants, Chlamydomonas was cultured in TMP medium (Harris, 1989) as pSS1-CrRbcS1. These new plasmids were named pSS1-NtRbcS-M and pSS1-NtRbcS-T.
449
Transformation of cell wall-less rbcSΔ-T60-3 cells was performed by electroporation 450 (Shimogawara et al., 1998) .
451
Soluble protein extraction from Chlamydomonas. Cells (250 ml culture) were collected by 452 centrifugation at 4000 g for 10 min at room temperature (Beckman Coulter JLA10.500 rotor).
453
After resuspension in 5 ml of extraction buffer [50 mM Bicine (pH 8.0, NaOH), 10 mM were homogenized separately in 3 ml of extraction buffer described above using a Wheaton 463 tissue grinder (5 ml capacity). The cell debris were removed by centrifugation at 3000 g 464 (Eppendorf 5417C) at 4°C for 10 min. After an additional centrifugation at 180,000 g 465 (Beckman-Coulter TLA55 rotor) for 15 min at 4°C, the soluble proteins in the supernatant were 466 quantified.
467
Rubisco purification. Five milliliters of the soluble proteins from the Chlamydomonas cells 468 were obtained as described above and supplemented with ammonium sulfate (60% saturation).
469
After 2 h incubation, the samples were centrifuged at 4°C for 20 min at 10,000 g. The pellet 470 was solubilized in 1 ml of extraction buffer described above (without polyvinylpyrrolidone)
471
and an additional centrifugation at 4°C for 15 min at 10,000 g was performed in order to 
493
Electrophoretic analysis. SDS-PAGE was performed according to Laemmli (Laemmli, 1970) 494 using iD PAGE Gel (Eurogentec, Liège, Belgium, https://secure.eurogentec.com). Native gel 495 electrophoresis was performed using 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels Bio-Rad, Richmond, Calif, http://www.bio-rad.com) and the same buffers as in Laemmli 497 (Laemmli, 1970) , except that SDS and DTT were omitted.
498
Antibodies and Western Blotting. Rabbit anti-RbcL (Rubisco large subunit, form I and form 499 II) (1:4000) and horseradish peroxidase-coupled anti-rabbit IgG (1:5000) antibodies were 500 purchased from Agrisera and Roche, respectively.
501
Sequence alignment and phylogenetic tree building. The RbcS amino acid sequences were 502 aligned using the ClustalW Multiple alignment (Thompson et al., 1997) and imported into the 503 Molecular Evolutionary Genetics Analysis (MEGA) package version 4 (Tamura et al., 2007) .
504
Phylogenetic analyses were conducted using the neighbor-joining (NJ) method implemented in 505 MEGA, (Saitou and Nei, 1987) with the pairwise deletion option for handling alignment gaps, 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed (Felsenstein, 512 1985) . The accession numbers and the organisms corresponding to sequences used for this tree 513 are listed in Supplemental Table S2 . 
556
Proteins of tall glandular trichomes were compared to proteins from roots, germinating seeds, 557 leaves, seed pods, stems, and flowers. Soluble proteins (20 µg) isolated from trichomes and 558 other tissues were labeled with the Cy3 (green) and Cy5 (red) fluorescent dyes, respectively. A,
559
Example of a full gel (trichomes vs roots). Other gels are shown in Supplemental Fig. S1 . B, Table S1 and Table S2 Supplemental Table S2 . The analysis was performed as described in the ''Materials 575 and methods'' section. Bootstraps (1000 iterations) were calculated by the Nearest-Neighbor-
576
Interchange method and values higher than 50% are indicated. Branch lengths are proportional 577 to phylogenetic distances, except for Tha-t and OsRbcS1. residues conserved in greater than 95% of all known small subunit sequences (Spreitzer, 2003) . 
